viii
TABLE OF OONTENTS

TITLE PAGE

APPROVAL PAGE ..o ivvevrvannssncsaonacaccansssasassnssannanns ii
ACRNOWLEDGEMENTS .. it iieiiassaeasaoanssssnnnsasssssnsnannnn 111
ABS T RACT &ttt teenaananatacaaanetotasnsssasessanansans iv
TABLE OF CONTENTS ..... ettt tiieaa s viii
LIST OF TABLES .vvvvecnceccnannan- MU, . . N 00 22 xii
LIST OF ILLUSTRATIONS «..cuuvenenntocunoscnsenncnseenennns xiv
ABBREVIATIONS AND SYMBOLS « . tnnnnseneeenneenennnn. . W XV
" CHAPTER ONE ~ INTRODUCTION ...cucueeconossaonsanconconnsnsnn . 1
1.1 INTRODUCTION «vveeeevncccnnoccanancnoannas RPN 1
1.2 STATEMENT OF THE PROBLEM ........... VT VOB A 1

1.3 OBJECTIVE OF THESIS .vveevevcascossassasssascssonssans 2
1.4 SOOPE OF THE STUDY - 1sueuvvennoncnsssesnenaenesnssnsns 3
1.5 LAYOUT OF THESIS +.vcvvvvenecacnaccanas 4. AN 4
' CHAPTER TWO - LITERATURE REVIEW - v ennenrenneennens 6
CHAPTER THREE - DATA FOR THE STUDY .cuvveveerucenrescocanen .10
CHAPTER FOUR - SHORT MEMORY - ANNUAL FLOW MODELS .......... 13
4.1 MARKOV MODEL . .uevunennnanneeacscnnconncnanceannsssnans 13
4.1.1 Estimation of Autoregressive Pafameters ....... 14
4.1.1.1 First - order model, AR(1) ......... JNIVe
4.1.1.2 ‘Second - order model, AR(Z) ............ 17
4.1.2 Application of Markov model ...... ..o innunen. 18
4.1.2.1 Yag one Markov model ......... e iaaaana 18

4,1.2.2 Modifications to Account for the Skewness 20
a) Wilson - Hilferty Tranformation ........ 20



ix

by Kirby’s Modificabion .......ceveeeuoun..
- ¢} Logarithmic Transformation .............

d) Beard’s Procedure .......ocveceneeneenn.

4.2.1 Estimation of ARMA(1,1) Parameters ............

4.2.2 Application of ARMA(1,1) Model .......ovvuunnn.

4.2.3 Modifications to Account for the skewness .....

a) Wilson - Hilferty Tranformation ..............

b) Logarithmic Transformation .........ceeeeeeee..

C) Beard’s Procedire .........eveceeveeiaeccaannas

4.3 APPLICATION FOR ACTUAL DATA .. .cv.ivriciinnnnenancnnnns

4.4 DISCUSSION OF RESULTS cuvvveeecaannnnessconeonsoannens
4.4.1 Mean, Standard deviation and.

Lag one autocorrelation coefficient ........;..

4.4.2 Skewness and Hurst coefficient ......coveuue...

CHAPTER FIVE - LONG MEMORY - ANNUAL FLOW MODELS ...........
5.1 FAST FRACTION GAUSSIAN NOISE (ffGn) MODEL ............
5.1.1 Application of ffGn Model .....cvviunenennnnnn.
5.1.2 Modifications to Account for the Skewness ceene
5.1.2.1 Modify the high frequency term only ....
5.1.2.2 Modify the low frequency term only .....

5.1.2.3 Modify both the high and low frequency
term oo il il i et

5.2 BROKEN LINE ¢BL) MODEL ..cvuiiucusannnncnanansnccoanans

21
21
24
25
26
30
30
30
31
32
34
34

34
35
35
35

40
42
45
46
46
48

47
49
50
53
54
54



5.4.1 Mean, Standard deviation and

Lag one autocorrelation coefficient ...........

------------------------------------------

CHAPTER SIX - MONTHLY FLOW MODELS +..uiuiveeenncnsnencsanens
6.1 REMOVAL OF SEASONALITY .ovvvenvoononccnnnnnonannsnnans
6.2 THOMAS - FIERING MODEL ..vevuuccsnnnnnrncnnnncacannans

6.3 TWO -~ TIER MODEL .....iiivieccncnnnsnnaancaceacannnnas
6.4 DISAGGREGATION PROCESS ......... ceesasaaa cessscasennas

6.5 METHOD OF FRAGMENTS ...viveeuunnceonnnonnnnenasaacenns
6.6 FIRST SPOLIA -~ CHANDER MODEL ....uovevevencannnnns cvene

6.7 SECOND SPOLIA - CHANDER MODEL ......... s\, . /L.

8.8 -SEN MODEL ..

6.9 APPLICATION FOR ACTUAL DATA . ...cvevrnneennncnnancann
6.10 DISCUSSION OF RESULTS 4cvvuervcenncronnonnnnnannsasenn

------------------------------------------

CHAPTER SEVEN - CONCLUSIONS AND RECOMMENDATIONS ..ovevena..

7.1 CONCLUSIONS

------------------------------------------

55
55
55
55

59
59
61
61
62
63
64
65
66
67
69
70
70
71
T2
T4
75
75

76
76
77

98
238



- xi

T.1.1 Annual Streamflow Geheration ........ P, 98

7.1.2 Monthly Streamflow Generation ............ a8
7.2 RECOMMENDATIONS +vvuevrcvneanaos e eetasieeascesesanans 99
7.3 RECOMMENDATIONS FOR FURTHER STUDIES «..vuvenvnnnnnenn. 100
REFERENCES .+ eevoeeueacessosococanaenoeaenennees e ... 101
APPENDIX A STREAMFLOW DATA SETS FOR THE STUDY .vveeevnn... . 105
APPENDIX B COMPUTER PROGRAM LISTING «vveevcevanans T O . 120



TABLE

3.1

4.3

5.2

6.2

6.3

6.4

6.5

xii

LIST OF TABLES

Comparison of lag one autocorrelation, Hurst coefficient
and maximum for historic data and generated sequences
from Markov (AR) and ARMA model ......... evecccassade.
Comparison of minimum and % of zero flows for historic

data and generated sequence from Markov model and

Comparison of mean, standard deviation, skewness and

“lag one autocorrelation for historic data and

generated sequences from ffGn and BL models ......... R
Comparison of Hurst coefficient, maximum, minimum and %
of zero flows for historic data and generated sequences
from ffGn and BL models .evuuveenennnnnnnnnnnnennnnn..
Monthly (seasonal) parameters from historic and
generated sequences for Ping River (P.1) ...ovueon....
Monthly (seasonal) parameters from historic and
generated sequences for Wang River (W.16) ........... .
Monthly (seasonal) parameters from historic and
generated sequences for Yom River (Y.8) ..............
Monthly (seasonal) parameters from historic and
generated sequences for Nan River (N.1) ..............
Monthly (seasonal) parameters from historic and

generated sequences for Nam Mae Taeng (P.4A) .........

PAGE
List of rivers used for annual streamflow generat.ion
and some of the historic parameters of annual flows .. 12
- Comparison of mean, standard deviation and skewness
for historic data and generated sequences from
Markov (AR) model and ARMA model .........cev.eevunn.. 37

38

39

57

58

8

80

82

84

86



6.6

6.7

6.8

6.9

6.10

A.4

A.8

A.7

A.8

A.10

xiiji

Monthly (seasénal) parameters from historic and
generated sequences for Nam Mae Cheam (P.14) .........
Monthly (seasonal) parameters from historic and
generated sequences for Nam Mae Rim (P.21) ...uvvnn...
Monthly (seasonal) pé.ramet.ers from historic and
generated sequences for Nam Mae Khan (P.23) ..........
Monthly (seasonal) paramet.eré from historic and
generated sequences for Ngao River (Y.13) ............
Monthly (seasonal) parameters from historic and
generated sequences for Nam Pat (N.33) ....... R
Run-of f (:)c.t!.()t3 cu.m) Ping River at Nawarath Bridge,
Chiang Mai (Pul) tuorennnnnieeseaosnesaasannnncnnnns 1. .
Run-of f(x 10° cu.m) Wang River at Ban Hai,

Lampang (W.16) ......v00vc.. e N S et tessaanaacss
Run-of f (x 10° cu.m) Yom River at Ban Kaeng Luang,
Sukhothai (Y.6) -.uounniiineeeiieneinnnnnnnnnnnnnnnn,

Run-off(x 10° cu.m) Nan River at Amphoe Muang,

Nan (N.1) ........ ceseeneaclo b AN NN AL ..
Run-of f (x 10° cu.m) Mae Taeng River at Amphoe Mae
Teang, Chiang Mai (P.8A) cueoonmmnoeen e,
Run-of f (x 10° cu.m) Nam Mae Chaem at Amphoe Hot,
Chiang Mai (P.18) ..ueieieenenennoieeennannnnnnnnnnn.
Run-of f (x 10° cu.m) Nam Mae Rim at Amphoe Mae Rim,
Chiang Mai (P.21) .eueeirinnnoenonnnennnnnnn A.A.2F% .S
Run-of f (x 10° cu.m) Nam Mae Khan at Aﬁphoe San Pa
Tong, Chiang Mai (P.23) ...iecrvurennncnnnnnnns «
Run-of f (x 10° cu.m) Ngao River at Amphoe Ngao,
Lampang (Y.13) tieueuienrnennneeecsnseennecaaseonnnnan
Run-of f (x 10° cu.m) Nam Pat at Amphoe Nam Pat,,
Uttaradit (N.33) ..ot ittt e,

88

90

92

94

108



Xiv

LIST OF ILLUSTRATIONS

FIGURES PAGE

1.1 Annual and monthly flow generation models ............ 5
3.1 The map of catchment area of Northern region in

B £ B Vo 11
4.1 Valid regions of the parameters and correlations of

a stabionary AR(Z) DrOCEeSS wuiirieeeveeenneensaeaacnnnns 19
4.2 Relation between correlations and parameters of

an AR(2) model ... oot et i 19
4.3 Valid regions for the parameters and correlations of

a stationary and invertible ARMA(1,1) ....ccveuewnnnn. 28
4.4 Relation between correlations and parameters for

a stationary and invertible ARMA(1,1) ..eviuiuecnennn. 29
4.5 Autocorrelation functions for various

ARMA(1,1) MOAELS . .neinr it ittt esnncenaroannnns 29



AR(1) -
ARIBP -
ARILT-2-
ARILT-3-
AR1WHT -
ARMA -

. ABBREVIATIONS AND SYMBOLS

coefficient matrices in disaggregation process

lower bound for 3 parameter log normal distribution

- harmonic coefficients

autoregressive model _

lag one autoregressive model

AR(1) with Beard’s procedure

AR(1) with 2 parameter log normal distribution
AR(1) with 3 parameter log normal distribution
AR(1) with Kirby’s modified W-H tranformation

aut.oregressive moving average model

ARMA(1,1) - autoregressive moving average model (p=1, g=1)

ARMABP -
ARMALT-2
ARMALT-3
ARMAWHT

a —_

BL. -
BL-H -~
BL~-HL -

ARMA(1,1) with Beard’s procedure

- ARMA(1,1) with 2 parameter log normal distribution

- ARMA(1,1) with 3 parameter log normal distribution

~ ARMA(1,1) with Kirby’s modified W-H tranformation
time distance between the random number (n) in a simple
broken line process /4
the i*" element of the residual series belonging to 3"
month 7
coefficient matrices in disaggregation process
backward shift operator (i.e. Bx, =x,_,) ;5 alsoa
parameter in ffGn or BL model
harmonic coefficients

transpose of matrix B
broken line
BL with only high frequency term modified
BL with both the high and low frequency terms modified
least squares regression coefficient for estimating

(j+1)th streamflow from jth streamflow



Cc - coefficient matrix (= BB)

C - a sequence of random variables (zero mean and uncorrelation)
CL(k;H)— covariance function of the low frequency term

c - coefficient of variation (= standard deviation/mean)

C ~ coefficient of skewness

FFGN-H - ffGn with only high frequency term modified

FFGN-HL- ffGn with only high and low frequency terms modified

M - Methods of fragments using the annual flows from a
Markov model

FMM - Modified method of fragments using the annual flous
from a Markov model

FSC - First Speolia-Chander monthly model

ffn - fast fraction noise

ffGn - fast fraction Gaussian noise model

Gt -~ gaussian random variable for the high frequency Markov

term in ffGn model
Gh(t) - gaussian random variable for the mt'h lowv frequency Markov
term in ffGn model

g - coefficient of skewness of the log values

g, - coefficient of skewness of the jth monthly flow

g(CJ5 - coefficient of skewness of C,

g(td) - coefficient. of skewness of t.J of the jth monthly flous

H - estimate of Hurst coefficient (h)

Hist. - Historical values |

h - Hurst coefficient

i ~ sequence number of generated data ; also year

I - (1‘x m) unit matrix

J - repetitive annual cycles of seasons usually 1 < j <12 ;
month

K - normalized variate

~ lag 3 random number uniformly distributed between(o, 1)



b3 4

xvii

in BL model

number of low frequency Markov process of ffGn and number
of simple BL processes

moving average

sample size ; number of years of flo& records
aut.ocorrelation matrix order p

order of autoregressive process

parameter in ffGn generat.or

annual flow volume in year 1

monthly flow for month j in year i

adjusted monthly flow volume for month Jj and year i
mean monthly flow for month j

order of moving average process

standardized series of monthly flows

- monthly flow series after the removal of harmonic

component.s in mean and sténdard deviat.ion (fitted series)
standardized fitted series .

mean of fitted series for month Jj

multiple correlation coefficient ; adjusted range in
chapter 5

rescaled range

serial correlation coefficient between streamflows in
" and (3+1)*" seasons

lag one autocorrelation coefficient of the m°" AR process
estimate of autocorrelation coefficient of lag p
standard deviation of the jth,monthly fliows

Sen monthly model |

Second Spolia~Chander monthly model

estimate of the standard deviation

standard deviation of fitted series for month j

coefficient matrix in equation (6.3.4)



Sxy - coefficient matrix in equation {6.3.3) and (8.32.4)

Syx - coefficient matrix in equation (6.3.4)
5,, - coefficient in equation (6.3.4)

S__ - coefficient matrix in equat.ion (6.3.3)
T ~ sample size in ffGn generator
TF - Thomas-Fiering monthly model
TT - Two-Tier model using the annual flows from Markov model
TiM - Modified Two-Tier model using the annual flows from a

Markov model |

t - time
t;,; - random number'having unit mean and zero variance

« - the k" element of the residual series

- matrix of random numbers

N - weight attached to the o simple BL process
W-H - Wilson Hilferﬁy
LIV monthly flow for month jJ in year i having'zero mean=QhJ—§J
W - weight attached to the mth Mérkov process in ffGn generator
X - estimate of mean annual flow ' .
X - matrix of monthly flow volumes

X (t;H)- ffGn variate

Kh(t) - high frequency Markov process (zero mean and unit variance)
X, (tH)- low frequency Markov term

}(L(t.;rm)—mth low fregquency Markov térm

X, ~ anmual flow in year t
Y - annual flow volume
z - matrix of residuals (zero mean and uncorrelated) = BV

Z - standardized flow in year t (zero mean and unit variance)

3 - parameters which refect the relationships betweeh
successive months of the same year

B - parameters which refect the relationships between

successive year for the same month



=

[2¢

.= T = T = =

3
J(1)
3.9

Jed—1

k

p
p
p
p
o
)

parameter of the first ordef autoregressive process
autoregressive parameter

pth autoregressive parameter

random numbers with zero mean and unit variance
random numbers with zero mean and unit variance
nunber of season (= 12 in this study) 4D
population mean ; average monthly mean = 1/12 X Q
hamonic component in mean for month Jj =
lag one autocorrelation coefficient

lag one autocorrelation coefficient. of the high frequency
Markov process '

lag one autocorrelation coefficient of ;" monthly flows

lag one serial correlation

_, (@~ lag zero cross - correlation coefficient

(1)- lag one cross - correlation coefficient

autocorrelation coefficient at lag k
coefficient of‘skewness

coefficient of skewness of Jj  monthly flows
autocovariance in ARMA generator

coefficient of skewness of annual flow X,

‘coefficient of skewness of the ffn variante

coefficient of skewness of the high frequency Markov term
coefficient of skewness of the random number used in the
high frequency Markov process’

coefficient of skewness of €,y of jth monthly flows
coefficient of skewness of the random number used in the
mth low frequency Markoy process

coefficient of skewness of random variable &

coefficient of skewness of the k random variable in V

parameter of the first order moving average process

moving average operator



QQQQ@Q =

tal

th . -
- g moving average parameter

- population\standard deviation ; average monthly standard
deviation = 1/12 & SJ

- standard deviation of random variable e

- hamonic component. in standard deviation for month j

- variance of the high frequency Markov process

- standard deviation of the i~ monthly flow

- standard deviation of annual flow X

- random numbers with zero mean and unit variance



